Bambara groundnut (Vigna subterranea (L.) Verdc.) is an indigenous underutilised legume which has the potential to improve food security in semi-arid Africa. So far, there are a lack of reports of controlled breeding populations that could be used for variety development and genetic studies. We reported here the construction of the first genetic linkage map of bambara groundnut using a F 3 population derived from a 'narrow' cross between two domesticated landraces (Tiga Nicuru and DipC) with marked divergence in phenotypic traits. The map consists of 238 DArT array and SSR based markers in 21 Linkage Groups (LGs) with a total genetic distance of 608.3 cM. In addition, phenotypic traits were evaluated for a Quantitative Trait Loci (QTL) analysis over two generations. A total of 36 significant QTLs were detected for 19 traits. The phenotypic effect explained by a single QTL ranged from 11.6% to 49.9%.
Introduction
Agriculture is confronted with the twin challenges of population expansion (including a fast pace of urbanisation) and climate change (extreme weather events, salinization, desertification); for this reason, safeguarding food security still remains one of humanities greatest challenges (Challinor et al. 2007; FAO 2010; Gilland, 2002 ). Humanity's reliance on essentially three major crops-rice [Oryza sativa (L.)], maize [Zea mays (L.)] and wheat (Triticum spp.) for up to 70% of its calories is being recognised as a risky path for global food security (Mayes et al. 2011) . In addition, the gradual reduction in genetic diversity and/or narrowing of the genetic base of these major crops during more recent breeding also represents another dimension to the problem. For this reason, the idea that we might tap into the genetic resources from 'underutilised' crops (also termed 'neglected' and 'minor') is gradually gaining acceptance among the research community and agricultural policy think tanks (Jaenicke and Höschle-Zeledon 2006 , Mayes et al. 2011 . One such important underutilised indigenous African crop species which could make a positive contribution to global food security (particularly in semi-arid Africa) is bambara groundnut [Vigna subterranea (L.) Verdc.] .
Bambara groundnut belongs to the Leguminosae family (subfamily Papilionoideae) and has 11 pairs of chromosomes (2n=2x=22; Heller et al. 1995) .
The contribution this crop could make to global food security has been previously reported (Basu et al. 2007a; Massawe et al. 2005 Massawe et al. , 2007 . The crop is reported to have drought tolerance and the ability to adapt to marginal soils (Collinson et al. 1996; Mwale et al. 2007a Mwale et al. , 2007b , coupled with reasonable yield potential (BAMFOOD 2002) . As a legume, it provides nitrogen fixation for enhanced soil fertility within the agricultural system and nodulation is reported to show good tolerance to soil nitrate (NO 3 -) (Dakora, 1998) , with the seed providing balanced D r a f t nutrition (Brough and Azam-Ali 1992; Mazahib et al 2013; Nti 2009 ). Despite these beneficial traits, bambara groundnut has suffered some neglect within the research community. Hitherto, there were no controlled cross breeding populations that could be used for variety development and genetic analysis (Basu et al. 2007a) . Landraces remain the main source of planting material used by farmers (Basu et al. 2007a; Massawe et al. 2005 Massawe et al. , 2007 . In an effort to develop improved genotypes, key breeding objectives for bambara groundnut have been reported (Aliyu et al. 2015; Massawe et al. 2005 Massawe et al. , 2007 . A range of molecular marker systems have been developed and applied to bambara groundnut landraces as a means of assessing breeding systems, diversity and population origins (Massawe et al. 2002; Olukolu et al. 2012; Somta et al. 2011 ). The significance of molecular markers in speeding up breeding programmes through the use of linkage maps and marker assisted selection (MAS) techniques is well established and routinely practised in breeding programmes (Collard et al. 2005; Collard and Mackill 2008) . 
2010
; Thudi et al. 2011; Saxena et al. 2012) . The ability to develop genetic maps that could aid MAS in bambara groundnut breeding programmes is a strategic objective.
We report here the construction of the first genetic linkage map of bambara groundnut (using DArT array and SSR markers) from the progeny of two phenotypically contrasting domesticated parental lines, alongside QTL analysis of important traits.
Materials and methods

Plant material and the development of the segregating population
Single plants of two landraces with contrasting features for growth habit (plant morphology) and seed eye patterns, Tiga Nicuru and DipC (Fig. 1) were used as parents for D r a f t 5 controlled crossing in order to establish the mapping population. Based on our observation, Tiga
Nicuru from Mali has a bunchy plant morphology with an average petiole to internode ratio (P/I) of 9 while DipC collected from Botswana has a semi-spreading morphology with an average P/I ratio of 13. A total of 73 lines in an F 2 population were obtained from this cross (DipC x Tiga Nicuru) and advanced to F 3 .
Experimental set up and conditions
The F 2 population was planted in the glasshouses at Sutton Bonington Campus, University 
Phenotypic data collection and analysis
The standard descriptors for bambara groundnut published by International Plant Genetic Resources Institute (2000) were used as a reference for all data collection with a few modifications. A total of 15 phenotypic traits were evaluated in the controlled environment glasshouse for the F 2 population and 29 traits for both controlled environment glasshouse and Indonesian field for the F 3 population (Table S1 ), in order to study the inheritance and segregation pattern of the morphological traits.
Anderson Darling tests were used to test for normality of the distribution of the trait data (Stephens, 1974 
PCR amplification and SSR marker analysis
Genomic DNA was extracted from young leaf using the Dellaporta protocol (1983) . A total of 33 polymorphic primer pairs (Table S2) were optimised using a three primer system as reported by Schuelke (2000) . The universal dye-labelled tag had a sequence of 5'-CAC GAC GTT GTA AAA CGA C-3'. The sequences of the primers used are listed in Table S2 .
Amplification was carried out with the following run profile: initial denaturation at 94°C for 3 min followed by 35 cycles of 94°C for 1 min, annealing step for 1 min and 72° C for 2 min with a final extension at 72° C for 10 min.
The PCR products were checked on agarose gel before being loaded onto a CEQ TM 8000
capillary sequencer (Beckman Coulter Inc., Fullerton, USA). CEQ TM 8000 Fragments Analysis Version 8 software was used to analyse the fragment sizes of the PCR products with manual confirmation.
DArT array marker data scoring and analysis
The bambara groundnut DArT genotyping array was developed using 94 genotypes from 22 countries based on selecting a representation across available germplasms (Singrün and Schenkel, 2003) the controlled environment, which also accounted for a high percentage of trait variation (r 2 = 91.3% and 89.7%). However, this correlation was not significant under field conditions, suggesting environmental influence on these traits. A strong association (r ≥ 0.9) was observed between pod weight and seed weight traits, as might be expected, accounting for 79.6% of variance in the field trial.
Construction of the linkage map
A total of 33 SSR markers were used to score all 73 lines of the F 3 population with an average level of residual heterozygosity of 24.9%, which was consistent with this being an F 3 population. Of the 7,680 fragments immobilised on the bambara groundnut DArT array, 236 Table 1 ).
LG10 was the longest group, consisting of 23 markers covering 76.4 cM of the map.
QTL mapping
Genome-wide significance thresholds ranged from 2.5 to 3.1 depending on the trait, trial and generation. Among the traits being examined, 36 significant QTLs were identified by the QTL analysis, present on a total of 8 linkage groups (Fig. 2 (1) Plant spread: two significant QTLs adjacent to each other on LG4 were found to be associated with this phenotypic trait in the F 2 (33.5 cM; LOD 3.2) and F 3 (0.0 cM; LOD 3.9) under glasshouse conditions. (2) Growth habit: non-parametric mapping of the trait in the F 3 generation in the glasshouse and the field detected a very strong association (p < 0.0005) on
LG4 0.0 cM, which was also identified as a significant QTL for plant spread (LOD: 3.9) and double seeded pods/plant (LOD: 3.3). Another QTL on LG18 5.1 cM was detected to be linked to the growth habit trait (p > 0.01) under field conditions, which was also an indicative QTL for pod no./plant trait (LOD: 2.4). (3) Internode length: Data analysis for both glasshouse and the field detected a major QTL for internode length which mapped on LG4 3.0 cM, scoring high LOD values of 7.9 and 7.1, respectively, accounting for as much as 43.5% and 40.9% of total D r a f t phenotypic variation. In addition, it was also identified to be strongly linked to the growth habit trait (p < 0.0001) in the field F 3 population.
Discussion
Population polymorphism, phenotypic variability and genetic mapping
In this study, polymorphic DArT Array and SSR markers were utilised to construct an initial genetic linkage map of bambara groundnut using an F 3 population from an intraspecific cross. To the best of our knowledge, this is the first linkage map of bambara groundnut between genotypes drawn from domesticated landraces. The two parental genotypes originating from divergent agro-ecological backgrounds [DipC from Botswana (Southern Africa) and Tiga
Nicuru from Mali (West Africa)] have marked phenotypic differences in terms of plant morphology and phenology (Fig 1) . Furthermore, a previous diversity analysis using codominant SSR and dominant DArT array markers revealed that the two parental landraces that the specific genotypes were drawn from belong to different genetic clusters (Molosiwa et al. reports. For example, the polymorphism rate detected by DArT array markers ranged from 0.65% to 9.38% in six intra-specific chickpea crosses with higher rates observed (3.98% to 17.21%) in five inter-specific crosses (Thudi et al. 2011) . Nevertheless, the bambara groundnut
DArT array markers had a good average polymorphic information content (PIC) value of 0.32
Together with the polymorphic DArT markers, the generated map consisted of 21
LGs with a total of 608.3 cM in length. Nevertheless, the high marker-marker linkage (238 out of 269 markers in groups of at least two markers) at 89% of all markers might suggest a more comprehensive coverage. This could be due to the parental dissimilarity which has suppressed recombination or the developed markers clustering into particular regions of the plant genome.
In terms of the observed clustering of DArT markers such as on LG01, there could be a few possibilities. This may indicate the presence of gene-rich regions, potentially as a reflection of hypomethylated regions of the restriction enzyme sites, which is consistent with the observations found in the genetic maps of other species such as chickpea and rapeseed (Raman et al. 2013; Thudi et al. 2011) . Mapping of DArT array markers to the Eucalyptus reference genomes using the unique sequence tag of each marker has suggested that PstI-based DArT markers are predominant at the low copy gene-rich regions (Petroli et al. 2012 number of linkage groups to 11 to correspond to the number of chromosomes in the bambara groundnut genome. A larger population size is required to determine the marker order with a greater confidence, which is one limitation of the current study. However, it is worth noting that this is one of the first populations developed for bambara groundnut. It has been suggested that uniformly distributed loci every 10cM over the entire genome is effective in MAS and QTL identification (Stuber et al. 1999) . Against this backdrop, the current map is suitable for MAS and QTL analysis.
QTL for yield determinant components and 'domestication syndrome' in bambara groundnut
This is also the first report of a QTL analysis for phenotypic traits in bambara groundnut. A total of 36 significant QTLs were revealed to be associated with 19 out of 29 assessed traits. The majority of these were located on LG1, LG4 and LG12 with the QTL detected from interval mapping analysis explaining between 11.6 to 49.9% of the phenotypic variation of the evaluated traits. While our data suggested a strong environmental component in most of the traits, the QTL for internode length (3.0 cM LG4; LOD 7.9 and 7.1) and growth habit (0.0 cM LG4; p < 0.0005) were stably expressed in F 3 populations evaluated in both controlled environment and field. Previous phenotypic evaluation (analysis of variance and/or principal component analysis)
has reported a high level of variation in internode length among landrace populations (Aliyu and Massawe 2013; Molosiwa et al. 2002) . Consistent with this, the stable QTL detected in this study explained a high proportion of phenotypic variation (more than 40%) from the F 3 generation grown under controlled environment glasshouse and field conditions. This observation of relatively strong genetic effects in the current study could be further supporting evidence for the previous report that internode length is under the control of a single dominant D r a f t gene for domestication and that this locus still retains variation in domesticated germplasms (Basu et al. 2007c) . It is worth noting that, although relatively weak, significant associations of this trait with seed weight and pod weight (r = 0.3 -0.4, p < 0.05; Table S4 and S5) were observed in the current study under both glasshouse and field conditions which could be useful in MAS. The regression analysis (Fig. 3) has suggested that seed weight and pod weight accounted for 11.1% and 7.6%, respectively of the variation in internode length of F 3 population grown in glasshouse. Furthermore, this same QTL was identified in the F 3 field trial to be significantly associated with growth habit. As expected, a strong negative correlation was observed between internode length and growth habit (r = -0.7; p < 0.001). Therefore the progenies which inherit this QTL allele are likely to exhibit a transition from bunch to semibunch growth habit. This is a favourable agronomic trait particularly in small scale and/or subsistence mixed farming systems typical of agro-ecologies where bambara groundnut is cultivated. Generally, the transformation from spreading type to semi-bunch/bunch type of growth habit in bambara groundnut has been reported as one of the key 'domestication syndrome' changes of the crop (Aliyu and Massawe 2013; Basu et al. 2007b ). We postulate that QTL identified in this study to be associated with internode length could be one of the key genetic loci selected for by farmers (shorter internode length) during the course of domestication of this crop, which has progressively resulted in a higher P/I ratio (7-9 for semi-bunch, and > 9
for complete bunchy) of landraces. This could possibly explain the observation that 47% and 8% of the landraces in IITA accessions were semi-bunch and spreading types respectively (Goli et al. 1995) . Overall, it can be observed that a number of genes controlling vegetative growth are co-localised from 0.0 to 33.5 cM on LG4.
It is possible that certain genetic loci exhibit pleiotropic effects. Specifically, one genetic locus on 33.0 cM of LG1 is worth noting for a potential pleiotropic effect. This is a major QTL do not rule out the possibility of having multiple tightly linked genes clustered together at this locus in the current analysis. Further investigation using larger populations would lead to a better understanding of the nature of this QTL and whether it is really a number of linked QTL.
While this locus could be significant for MAS related to yield potential, its environmental dependence (detected only under glasshouse conditions) is a potentially limiting factor. For MAS related to yield potential, we would recommend using it in conjunction with other QTLs.
Conclusion
A total of 33 polymorphic species-specific SSR markers and 236 DArT array based markers were used to construct an initial linkage map allowing QTL analysis of important phenotypic/agronomic traits. To the best of our knowledge, this is the first report in the literature of genetic mapping between domesticated landraces and QTL analysis in this underutilised species. The map comprises of 29 SSR and 209 DArT array markers grouped into 21 linkage groups. In total, 36 significant QTL were detected using interval mapping and non-parametric mapping. Most of the QTL detected were clustered on LG1, LG4 and LG12. Specifically, QTL linked to important traits related to 'domestication syndrome' and yield potential in bambara groundnut have been identified. The current map could be useful in a breeding improvement programme of this underutilised crop and could allow MAS strategies to be deployed. 
Acknowledgements
